ABSTRACT Motivation: Classification of human leukocyte antigen (HLA) proteins into supertypes underpins the development of epitope-based vaccines with wide population coverage. Current methods for HLA supertype definition, based on common structural features of HLA proteins and/or their functional binding specificities, leave structural interaction characteristics among different HLA supertypes with antigenic peptides unexplored. Methods: We describe the use of structural interaction descriptors for the analysis of 68 peptide/HLA class I crystallographic structures. Interaction parameters computed include the number of intermolecular hydrogen bonds between each HLA protein and its corresponding bound peptide, solvent accessibility, gap volume and gap index. Results: The structural interactions patterns of peptide/HLA class I complexes investigated herein vary among individual alleles and may be grouped in a supertype dependent manner. Using the proposed methodology, eight HLA class I supertypes were defined based on existing experimental crystallographic structures which largely overlaps (77% consensus) with the definitions by binding motifs. This mode of classification, which considers conformational information of both peptide and HLA proteins, provides an alternative to the characterization of supertypes using either peptide or HLA protein information alone.
INTRODUCTION
Major histocompatibility complex (MHC) are cell surface glycoproteins that play a vital role in adaptive immune response (Rammensee et al., 1993) . In order to generate maximal immunological protection against a large repertoire of possible pathogens, MHC bind peptides of diverse sequences and present them on the surface of antigen-presenting cells for recognition by T cell receptors (Lefranc and Lefranc, 2001) . T cell recognition of the peptide-MHC complex initiates a cascade of immunological events necessary for initiation and regulation of immune responses. Two classes of MHC are responsible for antigen presentation: (1) MHC class I presents endogenous peptides; and MHC class II presents exogenous peptides. The MHC binding clefts contain polymorphic cavities (or 'pockets') that fit the side-chains of complementary residues on the binding peptide (Falk et al., 1991a; Hunt et al., 1992) . These corresponding peptide residues are termed anchor residues because they 'anchor' the peptides firmly at various positions in the MHC binding cleft and contribute to most of the binding interactions. Specific MHC alleles can bind peptides with similar anchor residues, leading to the definition of 'peptide motif' for an array of class I and class II alleles (Falk et al., 1991b; Rotzschke et al., 1991) . The subsequent discovery that certain MHC alleles can recognize very similar motifs led to the definition of MHC 'supermotifs' or 'supertypes' (Del Guercio et al., 1995) .
The characterization and classification of MHC alleles into supertypes is important for the development of epitope-based vaccine (Sette et al., 2001 (Sette et al., , 2002 Zhu et al., 2006) . By clustering MHC alleles based on their structural features and/or peptide binding specificities, promiscuous T cell epitopes that bind multiple MHC alleles can be identified. Such peptides are key targets for the design of vaccines and immunotherapies because they are applicable to higher proportions of human population. However, experimental determination of binding specificities for even a single MHC allele is an expensive, laborious and time consuming process; and not practical for the study of MHC supertypes which involve large numbers of alleles (Kobayashi et al., 2001; Panigada et al., 2002; Doytchinova and Flower, 2005) . In silico, bioinformatics is emerging as an alternative and viable approach for MHC supertype classification. A number of clustering methods for MHC supertype definitions are available, including those based on local sequence similarities in binding pockets (Chelvanayagam, 1996; Zhang et al., 1998; Zhao et al., 2003) , global sequence similarities (Cano et al., 1998; McKenzie et al., 1999) and peptide binding motifs (Lund et al., 2004) . For the latter, the success of the approach depends on the availability of sufficient binding data. Where data is limited or there is bias in the experimental binding motifs, mixed results have been reported (Tong et al., 2006a) . Recently, Doytchinova et al. (2004) and Doytchinova and Flower (2005) employed the use of hierarchical clustering and principal component analysis to classify human MHC or human leukocyte antigen (HLA) alleles according to MHC sequences and structures. The approach successfully identified MHC class I and class II supertype fingerprints and illustrated that only 1-3 amino acid are sufficient for an allele to be classified within a particular supertype. Kangueane et al. (2005) defined critical polymorphic functional residue positions within the binding grooves of HLA-A, -B and -C alleles and grouped 47% of 295 HLA-A alleles, 44% of 540 HLA-B alleles and 35% of 156 HLA-C alleles to 36, 71 and 18 groups, respectively.
In the present study, we applied the use of structural interaction parameters previously reported as significant for peptide/MHC interactions (Kangueane et al., 2001) for in-depth analysis of 68 peptide/HLA crystallographic structures from the MPID-T database (Tong et al., 2006b) . Our analysis revealed the striking observation that peptide/HLA structural interaction patterns vary among different alleles and may be grouped in a supertype dependent manner. The results obtained in this study shed new light into HLA supertype definition, suggesting that HLA supertype definitions may not be limited to peptide binding motifs or receptor information, and can be characterized at the intermolecular level, based on the interactions between HLA proteins and their associated peptides, consistent with solutions from X-ray crystallography. Through the use of structural interaction parameters described herein, a novel HLA class I supertype classification schema has been developed for alleles with available crystallographic structures.
METHODS

Data
A total of 68 peptide-HLA complexes spanning 13 classes I alleles from the MPID-T database (Tong et al., 2006b , http://surya.bic.nus.edu.sg/mpidt) were used in the current analysis (Table 1) .
Hierarchical clustering
A hierarchical clustering technique using the agglomerative algorithm (Barnard and Downs, 1992; Doytchinova et al., 2004; Doytchinova and Flower, 2005) was applied. The distance between the structures was computed by the single-linkage method as implemented in MATLAB version 7.0 based on the separation between the each pair of data points (Barnard and Downs, 1992) . The nearest neighbours were merged into clusters. Smaller clusters were then merged into larger clusters based on inter-cluster distances, until all structures are combined. We have considered the last three levels for defining HLA class I supertypes.
Interaction parameters
Some interaction parameters have been identified as being significant for the characterization of peptide/MHC interface (Kangueane et al., 2001; Govindarajan et al., 2003) and can be computed from the 3D coordinates of a peptide-MHC complex (Berman et al., 2000; Kaas et al., 2004) . These parameters were applied in this study for analyzing the binding characteristics of HLA supertypes:
Intermolecular hydrogen bonds
The number of intermolecular hydrogen bonds between the bound peptide and MHC protein was calculated using HBPLUS (McDonald and Thornton, 1994) in which hydrogen bonds are defined in accordance to standard geometric parameters. Hydrogen bonding patterns of all complexes presented in this study are available in MPID-T (Govindarajan et al., 2003; Tong et al., 2006b ; http://surya.bic.nus.edu.sg/mpidt).
Interface area between peptide and MHC
The accessible surface area (ASA; Å 2 ) between the bound peptide and MHC is measured by tracing out the maximum permitted van der Waals' contact that is covered by the center of a water molecule as it rolls over the surface of the protein. Interface area for MHC class I complexes is defined as the mean DASA on complexation when going from a monomeric MHC protein to a dimeric peptide/MHC complex state and calculated as half the sum of the total DASA for both molecules for each type of complex.
Interface area for MHC class II complexes is similarly defined (Kangueane et al., 2001 ).
Gap volume
The gap volume or volume (Å 3 ) enclosed by the bound peptide and MHC protein is computed using the SURFNET program (Laskowski, 1995) . The algorithm places a series of spheres (maximum radius 5.00 s) midway between the surfaces of each pair of subunit atoms, such that its surface is in contact with the surfaces of the atoms of the pair. The size of each sphere is reduced accordingly whenever it is intercepted by other atoms and subsequently discarded if it falls below a minimum allowed radius (1.00 s). The sizes of all the remaining allowable gap-spheres are subsequently used to compute the gap volume between the two subunits.
Gap index
One essential feature in receptor-ligand binding is the electrostatic and geometric complementarity observed between associating molecules. In this study, we adopted the use of gap index (reviewed in Jones and Thornton, 1996) as means to evaluate complementarity of interacting interfaces between the bound peptide and HLA protein:
Interface ASA ðA 2 Þ ðper complexÞ :
RESULTS
HLA-A supertypes
Three main clusters are observed: A-I (AÃ0101), A-II (AÃ0201) and A-III (AÃ6801), which are consistent with the assignments of from the groups of Sette (Sette and Sidney, 1999) and Flower (Doytchinova et al., 2004) . Since A-I and A-III are confined to single structures; the analysis of A-II structures is described. The mean interface area for A-II is 846.3 ± 48.9 Å 2 . On average, the number of intermolecular hydrogen bonds and gap index is 11.1 ± 1.9 and 0.9 ± 0.2, respectively. Extensive hydrogen bonding networks are found in binding pockets A, B and F, which corresponds to IMGT peptide/MHC contact sites (Kaas and Lefranc, 2005) . No clear difference is observed in the number of intermolecular hydrogen bonds for 9mer (11.0 ± 1.8) and 10mer (11.8 ± 2.2) complexes. The gap indices, however, for the 9mer and 10mer complexes are 1.0 ± 0.2 and 0.8 ± 0.3, respectively, indicating that the interacting surfaces of 10mer complexes are generally more complementary than 9mer complexes. The interface area inversely correlates with gap index, indicating that A-II complexes with larger interface area have better geometric and electrostatic complementarities, stabilized by the formation of several intermolecular hydrogen bonds.
HLA-B supertypes
The hierarchical clustering for the structural interaction characteristics of 10 HLA-B alleles is given in Figure 1 . Five main clusters can be identified in this study: B-I (BÃ2705, BÃ2709, BÃ4403), B-II (BÃ0801, BÃ3501, BÃ5301), B-III (BÃ4402, BÃ4405), B-IV (BÃ5101) and B-V (BÃ1501). Our HLA-B supertype definition largely overlaps (70% consensus) with the definition by binding motifs (Sette and Sidney, 1999; Rammensee et al., 1999) . However, our data indicates that BÃ5101 does not share similar interaction patterns with either BÃ3501 and BÃ5301 from the SS-B7 supertype (Sette and Sidney, 1999; Rammensee et al., 1999; Lund et al., 2004) ; or BÃ4402, BÃ4403 and BÃ4405 from the DF-B44 supertype (Doytchinova et al., 2004) . The deciding factors for this cluster are interface area (876.2 ± 3.0 s 2 ) and gap volume (850.8 ± 19.5 s 3 ). This allele has, however, been classified as an outlier by Sette (Sette and Sidney, 1999) .
B-I has the largest average interface area (947.8 ± 148.0 s s 2 ) among all class I supertypes investigated in this study. On average, the number of intermolecular hydrogen bonds, interface area, gap volume, and gap index for B-I is 15.5 ± 7.1, 919.5 ± 25.1, 909.4 ± 8.8 and 1.0 ± 0.0, respectively. The number of intermolecular hydrogen bonds inversely correlates with gap volume ( Figure 2G ; r ¼À0.42) and gap index ( Figure 2H ; r ¼ À0.46). Hydrogen bonds are localized in pockets A, B and F. More hydrogen bonds are formed at smaller gap index compared to other HLA class I complexes B-I has the largest average interface area (947.8 ± 148.0 s s 2 ) among all class I supertypes investigated in this study. On average, the number of intermolecular hydrogen bonds, interface area, gap volume, and gap index for B-I is 15.5 ± 7.1, 919.5 ± 25.1, 909.4 ± 8.8 and 1.0 ± 0.0, respectively. The number of intermolecular hydrogen bonds inversely correlates with gap volume ( Figure 2G ; r ¼ À0.42) and gap index ( Figure 2H ; r ¼ À0.46). Hydrogen bonds are localized in pockets A, B and F. More hydrogen bonds are formed at smaller gap index compared to other HLA class I complexes investigated herein. The average number of intermolecular hydrogen bonds, gap index, and interface area for B-II is 13.8 ± 2.5, 1.0 ± 0.2 and 879.2 ± 72.4 s s 2 , respectively. In general, intermolecular hydrogen bonds for this supertype are well distributed and do not correlate with the interface area ( Figure 2I ; r ¼ 0.01), gap volume ( Figure 2K , r ¼ À0.01) and gap index ( Figure 2L , r ¼ À0.01) of complex. BÃ4403 clusters with BÃ2705 and BÃ2709 although the three alleles have different specificities based on existing binding motifs (Sette and Sidney, 1999) . The gap volume of BÃ4403 (1013.0 s 3 ) is clearly similar to that of B27 alleles (985.6 ± 4.2 s 3 ) and not the other B44 alleles. Based on existing binding data (Rammensee et al., 1999; de Castro et al., 2004) , BÃ2705 exhibits strong predominance for Arg at position 2, while BÃ4403 prefers Glu at this position. Nonetheless, the existence of Glu at position 2 has also been reported in BÃ2705-binding peptides derived from fresh blood lymphocytes (Stodůlková et al., 2004) , and this dual Arg/Glu substitution mechanism also exist in the auxiliary anchor residues of other alleles, including AÃ3101, and BÃ07 (Rammensee et al., 1999) . Given the caveat of existing binding data, peptide motifs for many of these alleles are primarily derived from limited sources (Rammensee et al., 1999) and only sequences that have been studied are reported. It is possible that the current motifs for many lessstudied alleles are under-represented and biased towards selected anchor residues investigated in the relevant studies. This could be the norm rather than the exception as more binding assays are carried out in the laboratory.
DISCUSSION
The extremely high polymorphism of HLA alleles (Williams, 2001) has been a confounding factor in the study of HLA peptide binding specificities. For a HLA protein to recognize specific peptide, geometric and electrostatic complementarity between the receptor and its corresponding ligand is essential for the formation of chemical bonds between their functional groups, which in turn determines the net stability of the complex. In this context, we introduced the use of structural interaction information to analyze high-level relationships hidden within peptide/HLA crystallographic structures at supertype level. Such descriptors should better reflect peptide/HLA interactions than just sequence data alone. In general, three types of hydrogen bonding patterns for peptide-HLA class I complexes investigated herein can be identified: (1) the gap index directly correlates with the number of intermolecular hydrogen bonds ( Figure 2D) ; (2) the gap index does not correlate with the number of intermolecular hydrogen bonds ( Figure 2L ) and (3) the gap index inversely correlates with the number of intermolecular hydrogen bonds ( Figure 2H ). For the first group (A2 supertype), the majority of intermolecular hydrogen bonds are concentrated at both ends of the binding groove (in pockets A, B and F). More hydrogen bonds are observed with decreasing geometric and electrostatic complementarity (i.e. increasing gap index; Figure 2D ) as well as increasing gap volume ( Figure 2C ). In silico grouping of peptide/HLA class I complexes However, the correlations are weak. For the second group (B-II supertype), the gap index is independent of the number of intermolecular hydrogen bonds formed. A loss of four hydrogen bonds is noticed for BÃ0801, when the peptide GGKKKYQL (PDB ID: 1AGC) is modified to GGKKRYKL (PDB ID: 1AGF), while the gap index is unchanged. A possible explanation for these observations is that the interaction mechanism employed by this group may be degenerate and a combination of non-covalent interactions (hydrogen bonds, hydrophobic and ionic interactions) may be involved in peptide selection. However, it is not clear to what extent the different interactive forces contribute to the net stability of complex. For the third group (B-I supertype), the number of intermolecular hydrogen bonds increases with higher geometric and electrostatic complementarity (smaller gap index). For instance, the number of intermolecular hydrogen bonds between GRFAAA-IAK and BÃ2705 (PDB ID: 1JGE) increases from 15 to 19 when the same peptide binds to BÃ2709 (PDB ID: 1K5N). Thus although the structures of BÃ2705 and BÃ2709 bind identical or similar peptides, the four parameters used in this study result in a more comprehensive characterization of the peptide-MHC interaction. This group also consists of the highest mean number of intermolecular hydrogen bonds. The results strongly indicate that the complexes formed by this group may be more stable, with higher overall geometric and electrostatic complementarity.
Computational techniques with different degrees of accuracy have been developed to model the structure of peptide-MHC complexes, and predict the binding free energy of peptides to MHC proteins (reviewed in Tong et al., 2006c) . While some studies showed excellent results when applied to specific sets of alleles, the results presented here suggest that the use of a standardized set of structural interaction rules or free energy scoring functions to discriminate binding peptides may not be applicable for all MHC alleles as interaction characteristics vary across MHC supertypes. The modeling of MHC bound peptide ligands is non-trivial. Although the conformational space of MHC binding peptides is restricted by the highly conserved binding groove, peptide side-chain prediction still requires the screening of a large conformational space (Schueler-Furman et al., 1998) . The use of ab initio techniques (Tong et al., 2004 (Tong et al., , 2006d Bordner and Abagyan, 2006) and rotamer libraries (Schueler-Furman et al., 1998) are excellent approaches. For the latter, the results presented herein suggest that existing rotamer libraries within this context may be further refined by selecting rotamers from representative sets of known structures within the same MHC superfamily. Likewise, where binding free energy prediction is of concern, the design of generalized free energy scoring functions applicable for all MHC alleles may not be appropriate. Accordingly, it is important to identify key parameters for optimal predictive results for the alleles of interest (Tong et al., 2006c; Davies et al., 2006) . The classification scheme presented herein is applicable to facilitate the identification of binding peptides for alleles with scarce experimental peptide information, as well as the development of predictive algorithms based on machine learning and artificial intelligence approaches.
The present analysis is difficult due to the limited number of peptide/HLA crystallographic structures in the current PDB (Berman et al., 2000) . Nonetheless, we have demonstrated that different HLA proteins employ the use of different binding mechanism for selectivity of antigenic peptides in a supertype dependent manner. By focusing solely on the use of experimental 3D structures, our analysis is supported and verified by existing data. The proposed classification scheme provides an alternative to HLA supertype analysis using either sequence (Chelvanayagam, 1996; Zhang et al., 1998; Zhao et al., 2003; Cano et al., 1998; McKenzie et al., 1999; Lund et al., 2004) or receptor structure information (Doytchinova et al., 2004; Doytchinova and Flower, 2005; Kangueane et al., 2005) alone. In silico analysis of peptide-HLA interaction characteristics opens the way for more in-depth understanding of the binding mechanism involved in peptide selection and better characterization of HLA supertypes. Future work will focus on the use of molecular modeling techniques for largescale classification of HLA class I and class II supertypes for which experimental crystallographic structures are unavailable as well as in-depth analysis of their structural interaction patterns.
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